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CLOSELY SPACED ELECTRODES WITH A 
UNIFORM GAP 

BACKGROUND 

1. Field of the Invention 
The present invention pertains to diode, thermionic, tun 

neling, and other devices that are designed to have very small 
spacing betWeen electrodes and in some cases also require 
thermal isolation betWeen electrodes. The invention may be 
applied to thermo -tunneling generators and heat pumps, and 
can be applied to similar systems using thermionic and ther 
moelectric methods. These thermo-tunneling generators and 
heat pumps convert thermal energy into electrical energy and 
can operate in reverse to provide refrigeration. The invention 
may also be applied to any device that requires close, parallel 
spacing of tWo electrodes With a voltage applied and current 
?oWing betWeen them. 

2. Description of the Prior Art 
The phenomenon of high-energy electron ?oW from one 

conductor (emitter) to another conductor (collector) has been 
used in many electronic devices and for a variety of purposes. 
For example, vacuum-tube diodes Were implemented this 
Way, and the physical phenomenon Was called thermionic 
emission. Because of the limitations imposed by the rela 
tively large physical spacing available, these diodes needed to 
operate at a very high temperature (greater than 1000 degrees 
Kelvin). The hot electrode needed to be very hot for the 
electrons to gain enough energy to travel the large distance to 
the collector and overcome the high quantum barrier. Never 
theless, the vacuum tube permitted electronic diodes and later 
ampli?ers to be built. Over time, these devices Were opti 
miZed, by using alkali metals, like cesium, or oxides to coat 
the electrodes, in an effort to reduce the operating tempera 
ture. Although the temperatures for thermionic generation are 
still much higher than room temperature, this method of 
poWer generation has utility for conversion of heat from com 
bustion or from solar concentrators to electricity. 

Later, it Was discovered that if the emitter and the collector 
Were very close to each other, on the order of atomic distances 
like 2 to 20 nanometers, then the electrons could ?oW at much 
loWer temperatures, even at room temperature. At this small 
spacing, the electron clouds of the atoms of the tWo electrodes 
are so close that hot electrons actually ?oW from the emitter 
cloud to the collector cloud Without physical conduction. This 
type of current ?oW When the electron clouds are intersecting, 
but the electrodes are not physically touching, is called tun 
neling. The scanning tunneling microscope, for example, 
uses a pointed, conducting stylus that is brought very close to 
a conducting surface, and the atomic contours of this surface 
can be mapped out by plotting the electrical current ?oW as 
the stylus is scanned across the surface. U.S. Pat. No. 4,343, 
993 (Binnig, et al.) teaches such a method applied to scanning 
tunneling microscopy. 

It has been knoWn in the industry that if such atomic sepa 
rations could be maintained over a large area (one square 
centimeter, for example), then a signi?cant amount of heat 
could be converted to electricity by a single diode-like device 
and these devices Would have utility as refrigerators or in 
recovering Wasted heat energy from a variety of sources. See 
E?iciency ofRefrigeration using Thermotunneling and Ther 
mionic Emission in a Vacuum: Use of Nanometer Scale 
Design, byY. Hishinuna, T. H. Geballe, B.Y. MoyZhes, and T. 
W. Kenny, Applied Physics Letters, Volume 78, No. 17, 23 
Apr. 2001; Vacuum Thermionic Refrigeration with a Semi 
conductor Heterojunction Structure, by Y. Hishinuna, T. H. 
Geballe, B.Y. MoyZhes, Applied Physics Letters, Volume 81, 
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No. 22, 25 Nov. 2002; andMeasurements ofCooling by Room 
Temperature Thermionic Emission Across a Nanometer Gap, 
by Y. Hishinuma, T. H. Geballe, B. Y. MoyZhes, and T. W. 
Kenny, Journal of Applied Physics, Volume 94, No. 7, 1 Oct. 
2003. The spacing betWeen the electrodes must be small 
enough to alloW the “hot” electrons (those electrons With 
energy above the Fermi level) to How, but not so close as to 
alloW normal conduction (How of electrons at or beloW the 
Fermi level). There is a Workable range of separation distance 
betWeen 2 and 20 nanometers that alloWs thousands of Watts 
per square centimeter of conversion from electricity to refrig 
eration. See E?iciency of Refrigeration using T hermotunnel 
ing and Thermionic Emission in a Vacuum: Use ofNanometer 
Scale Design, byY. Hishinuna, T. H. Geballe, B.Y. MoyZhes, 
and T. W. Kenny, Applied Physics Letters, Volume 78, No. 17, 
23 Apr. 2001. These references also suggest the advantage of 
a coating or monolayer of an alkali metal, or other material, 
on the emitting electrode in order to achieve a loW Work 
function in the transfer of electrons from one electrode to the 
other. This coating or monolayer further reduces the operat 
ing temperature and increases the ef?ciency of conversion. 
Mahan shoWed that the theoretical e?iciency of a thermi 

onic refrigerator, using electrodes With a Work function of 0.7 
eV and a cold temperature of 500 K, is higher than 80% of 
Carnot ef?ciency. See T hermionic Refrigeration, By G. D. 
Mahan, Journal of Applied Physics, Volume 76, No. 7, 1 Oct. 
1994. By analogy a conversion ef?ciency of the electron 
tunneling process is expected to also be a high fraction of 
Carnot e?iciency. Carnot ef?ciency presents an upper bound 
on the achievable ef?ciency of thermal energy conversion. 
The maintenance of separation of the electrodes at atomic 

dimensions over a large area has been the single, most sig 
ni?cant challenge in building devices that can remove heat 
from a conductor. The scanning tunneling microscope, for 
example, requires a special lab environment that is vibration 
free, and its operation is limited to an area of a feW square 
nanometers. Even very recently, all measurements of cooling 
in a Working apparatus have been limited to an area of a feW 
square nanometers. See Measurements of Cooling by Room 
Temperature Thermionic Emission Across a Nanometer Gap, 
by Y. Hishinuma, T. H. Geballe, B. Y. MoyZhes, and T. W. 
Kenny, Journal of Applied Physics, Volume 94, No. 7, 1 Oct. 
2003. 

Hence, there remains a need for a device Which cost-effec 
tively and ef?ciently converts heat energy into electrical 
energy in a package that is convenient to use for both the heat 
source as input and the electrical circuits needing poWer as 
output. Abundant sources of heat, including Waste heat, could 
easily become sources of electricity. Examples Where 
employing such devices Would help the environment, save 
money, or both, include: 

(1) Conversion of the sun’s heat and light into electricity 
more cost effectively than photovoltaic devices currently 
used. Many articles describe the use of high temperature 
thermionic emission to recycle thermal energy from solar 
collectors by using such heat conversion devices. See T her 
mionic Refrigeration, By G. D. Mahan, Journal of Applied 
Physics, Volume 76, No. 7, 1 Oct. 1994; andMultilayer Ther 
mionic Refrigerator, By G. D. Mahan, J. A. Sofao and M. 
BartkoiWak, Journal of Applied Physics, Volume 83, No. 9, 1 
May, 1998. HoWever such conversions could be less costly 
and more prevalent if tunneling Were achieved at naturally 
occurring temperatures. 

(2) Recovery of the heat generated by an internal combus 
tion engine, like that used in automobile, back into useful 
motion. Some automobiles available today, called hybrid gas 
electric automobiles, can use either electrical poWer or inter 
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nal combustion to create motion. About 75% of the energy in 
gasoline is converted to Waste heat in today’s internal com 
bustion engine. A tunneling conversion device could recover 
much of that heat energy from the engine of a hybrid auto 
mobile and put it into the battery for later use. US. Pat. No. 
6,651,760 (Cox, et al.) teaches a method of converting the 
heat from a combustion chamber and storing or converting the 
energy to motion. 

(3) Reducing the need for noxious gases to enter the atmo 
sphere. The more energy-e?icient hybrid automobile is a 
clear example Where noxious exhaust gases escaping into the 
atmosphere can be reduced. A device that converts engine and 
exhaust heat of the hybrid engine and then stores or produces 
electricity in the hybrid battery Would further increase the 
e?iciency of the hybrid automobile and reduce the need to 
expel noxious gases. Coolants used in refrigeration are other 
examples of noxious gases that are necessary to remove heat, 
and tunneling conversion devices could reduce the need for 
emission of noxious gases. 

(4) Recovery of heat energy at a time When it is available, 
then storing it as chemical energy in a battery, and then 
re-using it at a time When it is not available. Tunneling con 
version devices could convert the sun’s energy to electricity 
during the day and then store it in a battery. During the night, 
the stored battery poWer could be used to produce electricity. 

(5) PoWer generation from geothermal energy. Heat exists 
in many places on the surface of the earth, and is virtually 
in?nitely abundant deep inside the earth. An ef?cient tunnel 
ing conversion device could tap this supply of energy. 

(6) Production of refrigeration by compact, silent and sta 
tionary solid state devices, Where such a tunneling device 
could provide cooling for air conditioners or refrigeration to 
replace the need for bulky pneumatic machinery and com 
pressors. 

(7) PoWer generation from body heat. The human body 
generates about 100 Watts of heat, and this heat can be con 
ver‘ted to useful electrical poWer for handheld products like 
cell phones, cordless phones, music players, personal digital 
assistants, and ?ashlights. A thermal conversion device as 
presented in this disclosure can generate suf?cient poWer to 
operate or charge the batteries for these handheld products 
from heat applied through partial contact With the body. 

(8) Electrical poWer from burning fuel. A Wood stove gen 
erates tens of thousands of Watts of heat. Such a tunneling 
device could generate one or tWo kilowatts from that heat 
Which is enough to poWer a typical home’s electric appli 
ances. Similar applications are possible by burning other 
fuels such as natural gas, coal, and others. Then homes in 
remote areas may not require connection to the poWer grid or 
noisy electrical generators to have modern conveniences. 

The challenge in bringing tWo parallel electrodes together 
Within less than 20.0 nanometer separation gap requires atten 
tion to tWo parameters. One is the surface roughness and the 
other is the surface ?atness. Surface roughness is the devia 
tion from smoothness in a small, local area. Holes and 
scratches are examples of deviations that affect surface 
roughness. Surface ?atness is the deviation from parallelism 
over a large area. Warping, bending, creeping are examples of 
deviations that affect surface ?atness. 

When tWo rigid materials are polished ?at using the best 
techniques available today for integrated circuits, the surface 
?atness is on the order of micrometers over a square centi 
meter area. Furthermore, heat and other stresses can cause 
changes in Warping and bending over time, presenting a fur 
ther challenge in maintaining uniform separation once 

20 

25 

30 

35 

50 

55 

60 

65 

4 
achieved. A polished metal or semiconductor surface using 
today’ s techniques can easily achieve a roughness of less than 
0.5 nanometers. 
The state of the art of a tunneling energy conversion device 

suffers from one or more of the folloWing limitations: (1) a 
separation that is too large for tunneling, (2) an area that is too 
small for signi?cant energy conversion, (3) layers of solid 
material that cannot be thermally isolated resulting in loW 
conversion ef?ciency, and (4) a design that is too complex to 
manufacture cost effectively. 
A separation of 10 microns or more has been achieved by 

many thermionic systems, but these systems only operate at 
very high temperatures, require a costly design for safety, and 
are limited to environments Where this temperature is 
achieved. 
A separation of about 2.0 to 20.0 nanometers has been 

achieved by a method taught in US. Pat. No. 4,343,993 
(Binnig, et al.) in the design of the scanning tunneling micro 
scope, but the effective area Was on the order of a feW square 
nanometers. Such area Was too small (compared to the 
desired area of about one square centimeter or more) to alloW 
enough current to ?oW through, even in the most optimal of 
materials, to convert signi?cant energy. 
The semiconductor industry teaches and employs many 

methods for controlling physical parameters like ?lm thick 
nesses that are on the order of several nanometers. Thermo 
electric devices are an example of integrated circuits that 
convert energy With a stack of layered materials. See Design 
and Characterization of Thin Film Microcoolers, by Chris 
LaBounty, Ali Shakouri, and John E. BoWers, Journal of 
Applied Physics, Volume 89, No. 7, 1 Apr. 2001. HoWever, 
these methods all require solid materials to be in contact With 
each other in layers. The heat ?oWs easily from layer to layer, 
limiting the temperature difference and the conversion e?i 
ciency. Because the tWo electrodes are in contact, the design 
is at the mercy of available thermoelectrically sensitive mate 
rials, and the energy barrier for the electrons to traverse can 
not be arbitrarily con?gured, as is possible by setting the 
Width of a vacuum gap. The materials having needed proper 
ties are exotic and expensive elements like bismuth and tel 
luride. For these reasons, thermoelectric devices are limited 
to a high cost per Watt of cooling poWer and a loW e?iciency 
of about 7 percent. 
The art of separating tWo conductors by about 2.0 to 20.0 

nanometers over a square centimeter area has been advanced 

by the use of an array of feedback control systems that are 
very precise over these distances. A control system includes a 
feedback means for measuring the actual separation, compar 
ing that to the desired separation, and then a moving means 
for bringing the elements either closer or further aWay in 
order to maintain the desired separation. The feedback means 
can measure the capacitance betWeen the tWo electrodes, 
Which increases as the separation is reduced. The moving 
means for these dimensions is, in the state of the art, an 
actuator that produces motion through piezoelectric, magne 
tostriction, or electrostriction phenomena. US. Pat. No. 
6,720,704 (TavkhelidZe, et al.) describes such a design that 
includes shaping one surface using the other and then using 
feedback control systems to ?naliZe the parallelism prior to 
use. Because of the elaborate processes involved in shaping 
one surface against the other and the use of multiple feedback 
control systems to maintain parallelism, this design approach 
is a challenge to manufacture at a loW cost. 

Other methods have been documented in US. Pat. No. 
674,003 (TavkhelidZe, et al.), and US Patent Applications 
2002/0170172 (TavkhelidZe, et al.), and 2001/0046749 
(TavkhelidZe, et al.) that involve the insertion of a “sacri?cial 



US 7,456,543 B2 
5 

layer” between the electrodes during fabrication. The sacri 
?cial layer is then evaporated to produce a gap betWeen the 
electrodes that is close to the desired spacing of 2 to 20 
nanometers. These three methods are either susceptible to 
post-fabrication ?uctuations due to Warping or thermal 
expansion differences betWeen the electrodes, or require the 
array of actuators to compensate for these ?uctuations. 

Another method of achieving and maintaining the desired 
spacing over time is documented in Us. Pat. No. 6,876,123 
(Martinovsky, et al.) and in US Patent Application No. 2004/ 
0050415 through the use of dielectric spacers that hold the 
spacing of a ?exible electrode much like the Way poles hold 
up a tent. One disadvantage of these dielectric spacers is that 
they conduct heat from one electrode to the other, reducing 
the e?iciency of the conversion process. Another disadvan 
tage of this method is that the ?exible metal electrodes can 
stretch or deform betWeen the spacers over time in the pres 
ence of the large electrostatic forces and migrate sloWly 
toWard a spacing that permits conduction rather than tunnel 
ing or thermionic emission. 

There remain continuing and di?icult challenges in meet 
ing the requirements for achieving and maintaining electrode 
spacing at less than 20.0 nanometer separation gaps, and in 
mass-producing loW cost thermo-tunneling devices, in spite 
of efforts to date. 

An additional utility for a device that can move electrons 
across a vacuum gap (in addition to providing cooling 
directly) is to place this gap on top of the thermoelectric stack. 
In this combination, the hot side and the cool side of the 
thermoelectric gap become thermally insulated and hence 
more e?icient. A device With a combination of thermoelectric 
materials and a vacuum gap can provide cooling or heat 
conversion via thermoelectric methods, thermo-tunneling 
methods, thermionic methods, or a combination of these 
methods. 

A need, therefore, exists for an improved design for main 
taining separation betWeen electrodes in tunneling, diode, 
and other devices that is more ef?cient and less costly than 
existing designs. In particular, a need exists for a design 
having closely spaced electrodes With a uniform gap. More 
particularly, a need exists for a design having a pair of elec 
trodes Which self-position and self-align at a close spacing 
gap betWeen them to enable the transfer of electrons across 
the gap by tunneling, thermionic, or other emission, possibly 
in combination With thermoelectric elements. 

SUMMARY 

The present disclosure is directed to overcoming the afore 
mentioned challenges and providing the aforesaid improved 
design. A device and a process are disclosed that employ 
electron ?oW for an additional purpose over prior art designs. 
In prior designs of the physics literature and the patent prior 
art designs, the ?oW of electrons in the tunneling device Was 
used for tWo purposes: (1) as a thermodynamic ?uid to trans 
fer heat from one conductor to another, and (2) to move the 
converted energy directly to or from a battery or electrical 
circuit. In the present disclosure and its embodiments, the 
electron ?oW is used simultaneously for a third purpose, to 
generate a restoring force that balances the electrostatic and 
other attractive forces at a desired separation of the elec 
trodes. This third purpose is achieved by having the electrons 
?oW properly in a magnetic ?eld, and thereby generate the 
forces according to a knoWn laW of physics. Because the 
invention is a thrice-dimensionally constrained system, 
extensive and non-trivial effort Was needed to ?nd designs 
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6 
Wherein all three uses of electrons could achieve their purpose 
and still have a practical thermal conversion device. 
A device and a process are disclosed providing closely 

spaced electrodes With a uniform gap. More particularly, the 
disclosure concerns a pair of electrodes Which self-position 
and self-align at a close spacing gap betWeen them to enable 
the transfer of electrons across the gap by tunneling, thermi 
onic, or other emission, possibly in combination With ther 
moelectric elements. 
The present disclosure uses a ?exible material for one of 

the electrodes, and includes a magnetic ?eld to counterbal 
ance electrostatic attractive forces With magnetostatic repel 
ling forces that naturally and simultaneously act on the ?ex 
ible electrode to position, align and maintain it in a stable 
equilibrium position at a desired spacing distance from the 
other electrode surfaces over a large area, and adapt to con 
tinual spatial deviations from ?atness in either electrode. 
A surface roughness of less than 0.5 nanometer is achieved 

by polishing the electrodes’ facing surfaces before assembly. 
Polishing techniques are readily available in the industry for 
achieving less than 0.5 nanometers surface roughness on 
metals, semiconductors, and other materials. 

In order to achieve a separation of less than 20.0 nanom 
eters across a large area of one square centimeter or more, a 

combination of non-contacting forces are generated to cause 
the electrode materials to come to rest at the desired spacing. 
In a stable equilibrium conditions, one force that is already 
present in these diode devices is the electrostatic force 
betWeen the emitter and collector. As a voltage is applied, 
opposite charges assemble on each of the electrodes and the 
presence of these charges results in an attractive force 
betWeen the electrodes. Although the electrostatic force is 
considered to be the dominant attractive force in closely 
spaced electrodes, other attractive forces are also present such 
as gravity, surface tension, Van der Waals forces, Casimir 
forces, and static friction. 
The embodiments of the present disclosure create a second 

equal but opposite force Which acts on the ?exible electrode 
to balance the attracting electrostatic force and other attrac 
tive forces at all points such that the ?exible electrode main 
tains the desired spacing and alignment. This neW force is 
explained by a physical phenomenon Wherein a force is cre 
ated When a current ?oWs in a conductor in the presence of a 
magnetic ?eld. The force acts in a direction that is perpen 
dicular to the plane de?ned by the direction of the current ?oW 
and the direction of the magnetic ?eld. 
The magnetic ?eld can be added to the embodiment of the 

invention by having a permanent magnet near or Within the 
electrodes. Permanent magnet materials like iron, cobalt, and 
nickel and their alloys are also metals that are highly conduc 
tive, both thermally and electrically. Hence, these magnetic 
materials are compatible With the thermal and electrical con 
ductivity characteristics of the electrodes. Even if it Were 
desired to use a non-conducting magnetic material to provide 
the magnetic ?eld, such a magnet may be coated by a con 
ductor or simply have a ?at conductor mounted to it in order 
to construct the emitting electrode. 
The temperature of the surface Where the permanent mag 

net is placed can affect its operational parameters as magnetic 
materials lose their magnetization at the Curie temperature 
level, Which is typically betWeen 600 and 1400 degrees 
Kelvin. HoWever, in the present disclosure, the magnet may 
be placed either on the cool side or the hot side of the con 
version device, so con?gurations can be found to prevent the 
magnet from reaching its Currie temperature. 
The disclosure provides a Way for electrode materials to be 

brought together in a neW, unobvious manner to produce a 
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simple and inexpensive thermo-tunneling or thermionic 
device Which has the following advantages: (1) simplicity by 
eliminating the need for actuators and control systems 
required by the prior art, (2) making use of the technology and 
manufacturing processes already developed in the electric 
light bulb and semiconductor industries to achieve loW cost 
and mass production, (3) achieving the narroW spacing gaps 
betWeen electrodes Without the use of spacers so as to permit 
tunneling of hot electrons from one electrode to the other 
thereby cooling the ?rst electrode, and (4) maintaining a 
uniform spacing gap over large electrode areas such as one 
square centimeter. 

Other systems, devices, features and advantages of the 
disclosed device and process Will be or become apparent to 
one With skill in the art upon examination of the folloWing 
draWings and detailed description. It is intended that all addi 
tional systems, devices, features, and advantages be included 
Within this description, be Within the scope of the present 
invention, and be protected by the accompanying claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Many aspects of the disclosed device and process can be 
better understood With reference to the attached draWings, 
FIGS. 1-8. The components in the draWings are not necessar 
ily to scale, emphasis instead being placed upon clearly illus 
trating the principles of the present invention. Moreover, in 
the draWings, like reference numerals do not need corre 
sponding parts throughout the several vieWs. While exem 
plary embodiments are disclosed in connection With the 
draWings, there is no intent to limit the disclosure to the 
embodiments disclosed herein. On the contrary the intent is to 
cover all alternatives, modi?cations and equivalents. 

FIG. 1 illustrates one embodiment of the self-positioning 
electrode device of the present disclosure. 

FIG. 1a illustrates the directional status of current, the 
magnetic ?eld, and the magnetostatic force in the device of 
FIG. 1 

FIG. 1b illustrates an alternate embodiment of electrode 2 
in the device of FIG. 1. 

FIG. 2 is a schematic top plane vieW of electrode 1 of the 
device of FIG. 1. 

FIG. 2a is a perspective bottom vieW illustrating a cut out 
portion of an embodiment of the electrode of FIG. 2. 

FIG. 3 illustrates an alternative embodiment of the device 
of FIG. 1. 

FIG. 4 illustrates yet another embodiment of the device of 
FIG. 1. 

FIG. 5 is a graph qualitatively illustrating interacting forces 
in the devices of FIGS. 1, 3 and 4. 

FIG. 6 is a graph quantitatively illustrating interacting 
forces in the devices of FIGS. 1, 3 and 4 using polished metal 
electrodes. 

FIG. 7 is a graph quantitatively illustrating interacting 
forces in the devices of FIGS. 1, 3 and 4 using polished silicon 
electrodes. 

FIG. 8 is a draWing shoWing hoW the electrodes may be 
built from silicon Wafer material. 

DETAILED DESCRIPTION OF THE 
EXEMPLARY EMBODIMENTS 

Referring more speci?cally to the draWings in Which like 
reference numerals refer to like elements throughout the sev 
eral vieWs, exemplary embodiments of the device and process 
of the present disclosure are illustrated in FIG. 1-8. 
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8 
In general, a device and a process are disclosed employing 

facing electrodes and involving tWo force distributions. A 
primarily electrostatic attracting force distribution betWeen 
the electrodes is generated by an electric charge Within the 
electrodes. An equal but opposite repelling force distribution 
is generated by the electric current distribution Within the 
electrodes combined With an applied magnetic ?eld distribu 
tion. The tWo force distributions act simultaneously to estab 
lish a stable equilibrium separation of the electrodes across 
their facing surfaces. 

FIG. 1 shoWs one embodiment of the present disclosure. 
Electrode 1 is a ?exible metal foil or a metal foil mounted on 
a plastic ?lm or substrate like polyimide. The plastic substrate 
helps prevent the foil from cracking, creasing, or breaking 
after repeated motions created by electrostatic and electro 
magnetic forces. The plastic substrate or electrical properties 
of electrode 1 can also act to prevent vibration or instability of 
its motion during equilibration. Electrode 2 is a permanent 
magnet either made of or coated With a conducting material. 
In an exemplary form electrode 2 is a rectangular block. Both 
electrodes are polished on the surfaces facing each other. Heat 
source 30 is present if the device is used for conversion of 
thermal energy, or is an object to be cooled if the device is 
used as a refrigerator. PoWer supply 10 is present if the device 
is used as a refrigerator and is additionally an electrical load 
if the device is used as a thermal conversion generator. Insu 
lating layer 4 is present to alloW a non-conducting resting 
point for tip 6 of electrode 1 When the device is not in opera 
tion (i.e., While the device is turned off). Additionally, one of 
the electrodes can have a coating of a non-conducting mate 
rial thinner than the desired equilibrium spacing betWeen the 
electrodes on Which another of the electrodes rests When the 
device is not in operation. Layer or coating 5 on top of elec 
trode 2 is a material designed to have a loW Work function to 
facilitate electron tunneling betWeen electrode 2 and elec 
trode 1. Connectors 9 and Wires 8 complete the circuit. Cham 
ber 20 seals the area betWeen the facing electrodes 1 and 2 
With either a vacuum or inert gas to minimize heat transfer 
from one electrode to the other. Suitable gases include argon 
and helium. The Wider end of ?exible electrode 1 is ?xedly 
mounted to a support structure in chamber 20, and electrode 
1 comes to rest at tip 6 on the insulating layer or ?lm 4 When 
the poWer is off. 

FIG. 111 indicates the directional status of the current (I) 
?oWing in electrode 1, the magnetic ?eld (B) generated by the 
presence of the permanent magnet Within electrode 2, and the 
force F resulting from the interaction of I and B. The force F 
acts in the vertical upWards direction at every point on elec 
trode 1, opposing and balancing the electrostatic attracting 
force that pulls electrode 1 doWnWards toWard electrode 2. 

FIG. 1b shoWs an alternative arrangement for electrode 2. 
Here, the surface of the material is patterned With an array of 
peaks 5. The geometry of these peaks permits enhancement of 
electron emission from electrode 2 due to magni?ed electric 
?elds in the region of the peaks. These peaks may also occur 
naturally due to intended or unintended roughness of the 
surface of electrode 2 after polishing. 
The device of FIG. 1 may also have additional force gen 

erating or altering mechanisms or systems to assist its opera 
tion during poWer-off, equilibrium, or transitioning from 
poWer-off to equilibrium or transitioning from equilibrium to 
poWer-off. For example, these mechanisms could dampen the 
system to prevent vibrations or oscillations of electrode 1 
around its equilibrium resting position. These additional 
forces may be created mechanically, magnetically, electro 
mechanically, electromagnetically, or by other Ways to offset 
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de?ciencies or excesses in the magnitude of the primary 
electrostatic and magnetic counter-balancing forces. 

The material for ?exible electrode 1 can be a conductive 
metal, a semiconductor material, layered glass/metal or lay 
ered metal/plastic. Exemplary conductive metals include 
gold, silver, aluminum, and copper. Exemplary semiconduc 
tor materials include silicon, germanium and gallium ars 
enide. The conductive metal or semiconductor material can 
optionally be mounted on or combined in layers With a mate 
rial that adds ?exibility to the metal if the metal is not su?i 
ciently ?exible by itself, such as glass, polyamide, polyester, 
polyimide, polyacrylic or polyole?n. 

The permanent magnet of electrode 2 can be either con 
tained Within or be a part of the electrode. In an exemplary 
embodiment the permanent magnet can contain conducting 
ferromagnetic materials in any combination of iron, cobalt, 
nickel, neodymium or aluminum. Alternatively, the perma 
nent magnet can contain one or more non-conducting ferro 
magnetic materials coated With a conducting material. Exem 
plary non-conducting ferromagnetic materials include ferrite, 
barium ferrite, and iron oxide particles sealed in a binder. 

Layer or coating 5 on electrode 2 can be a loW Work 
function material, a thermoelectrically sensitive material, a 
resonant tunneling material, an electric ?eld enhancing tex 
ture, or a combination of these. Exemplary embodiments of a 
loW Work function material include any layered or other com 
bination of alkali metal, an alloy of alkali metal, an oxide, or 
diamond such as diamond ?lm. A collection of peaks and 
valleys arising from surface roughness or patterning (as, for 
example, illustrated in FIG. 1b) can enhance the electric ?eld 
and hence improve electron emission from electrode 2. 
Finally, a semiconductor layer arranged to achieve resonant 
tunneling can also improve electron emission. Exemplary 
semiconductor materials include silicon, germanium and gal 
lium arsenide. Exemplary thermoelectrically sensitive mate 
rials include bismuth telluride of various dopings. 

The loW Work function material in layer 5 of FIG. 1 or 
enhancing material 5' in FIG. 1b can be, for example, cesium 
(Cs), barium (Ba), strontium (Sr), rubidium (Rb), sodium 
(Na), calcium (Ca), Lithium (Li), and combinations or oxides 
thereof. Such materials are shoWn to reduce the Work function 
of the emitting electrode 2 from 4-5 eV doWn to as loW as 1.1 
eV or loWer. Additional loW Work function materials include 
thorium (Th), metal-coated oxides and silicon. Other materi 
als not mentioned here can also achieve loW Work functions, 
and the addition of such a layer of material is an obvious 
extension of the invention. For example, a different type of 
layer, Wide gap semiconductor layer to facilitate electron 
tunneling is proposed by Korotkov. See Possible Cooling by 
ResonanZFowler-Nordheim Emission, byA. N. Korotkov and 
K. K. Likharev, Applied Physics Letters, Volume 75, No. 16, 
23 Aug. 1999. Therein, a thin oxide layer, Whose thickness is 
controlled carefully, excites the electrons to a resonant con 
dition thereby assisting the hot electrons to escape to the 
vacuum. Also, layer 5 ofFlGS. 1 and 5' ofFlG. 1b could be an 
array of carbon nanotubes or a similar arrangement to maxi 
miZe emission and minimiZe Work function. Insulating layer 
4 materials may include glass, polyimide, or other plastics. 

The ?oW of the electrons in FIG. 1 and the uniqueness of 
the invention can be described as folloWs. The free electrons 
?oW from the poWer supply or electrical load 10 to the emit 
ting electrode 2. The free electrons that are emitted from 
electrode 2 to electrode 1 are selected by this design to be the 
hot electrons that can remove heat from electrode 2. One 
aspect of this invention is that the free electrons ?oW Within 
electrode 1 from left to right in FIG. 1. in the presence of a 
magnetic ?eld B directionally shoWn in FIG. 1a. This free 
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10 
electron ?oW direction in combination With the applied mag 
netic ?eld generates a repelling force directionally shoWn in 
FIG. 111 that balances the attractive electrostatic force and 
achieves a constant and desired separation betWeen electrode 
1 and electrode 2 over a large area. 

FIG. 2 is a schematic of a top vieW of the exemplary 
embodiment of electrode 1 in FIG. 1 shoWing a cross-section 
7 With arroWs pointing in the direction of electron ?oW. Cross 
section 7 has a current density equal to the aggregate tunnel 
ing current that is picked up by all of the electrode’ s surface to 
the left of 7 divided by the length of cross-section 7. As the 
tunneling current is expected to be proportional to the area of 
tunneling activity to left of 7, then the length of cross-section 
7 Will optimally increase in proportion to the increase in area 
of the electrode surface to its left. The border 3 of electrode 1 
therefore traces out an exponential function. Thus, the Width 
of the surface of ?exible electrode 1 groWs exponentially 
from its tip 6 to its opposite end. An exponential function is 
mathematically equal to the area bounded by it and the X-axis 
up to its integration point. The function traced out by border 
3 can also compensate for other variations in current density, 
such as electrical resistance due to path length inside elec 
trode 1. Also, in some cases, the design can be sub-optimiZed 
With a triangular shaped electrode 1 for ease of manufactur 
ing. 

FIG. 2a is a schematic vieW of the bottom side of the cut out 
portion of electrode 1 shoWn in FIG. 2. It illustrates hoW 
electrode 1 may be patterned on its bottom surface, Which 
faces electrode 2. The pattern alloWs the tunneling area (de 
?ned by the total area X of elevated surface x) to be different 
from the total area Y that is available for current to ?oW. 
Patterning electrode 1 in this Way alloWs for larger total area 
Y and hence loWer electrical resistance losses and heat gen 
eration losses for the aggregate current to ?oW. At the same 
time it minimiZes the area that is close to electrode 2, Which 
reduces the electrostatic force that must be overcome to place 
the electrodes in their desired positions. The same effect of 
patterning of electrode 1 may also be accomplished by inten 
tional or unintentional surface roughness after polishing. The 
intermittently elevated segments 4 are thin insulating layers 
Which can support electrode 1 and prevent electrical shorts as 
the foil material of electrode 1 drapes toWard electrode 2 
When the device is turned on. 

FIG. 3 is a schematic shoWing another embodiment of the 
present disclosure that can achieve a more compact package. 
Here, electrode 2 is a cylindrical permanent magnet With 
magnetiZation direction emanating radially outWard from the 
center. Electrode 1 noW takes the shape of an exponential 
spiral, Whose Width increases exponentially With every turn. 
Alternatively, electrode 1 can have a linearly increasing spiral 
shape as a simpler approximation to the exponential spiral 
shape for ease of manufacturing. Because electrode 1 has a 
spiral shape, the current ?oW is in the tangential direction. 
The force on electrode 1 acts in the vertical direction, provid 
ing a repelling force that balances the electrostatic attracting 
force similar to that achieved in FIG. 1. The spiral shape of 
electrode 1 makes this embodiment have a more compact 
design, because the total tunneling area is not required to be 
spread across one long dimension as in FIG. 1. Cylindrical 
magnets With radial magnetiZation (measuring the magnetic 
?eld in a radial direction from the center of the device) are 
routinely available in the industry, as they are popular for 
building loudspeakers. The remaining components of this 
embodiment are the same as FIG. 1. 

There are many other obvious embodiments to this inven 
tion in addition to the embodiments in FIGS. 1 and 3, Which 
use a special shape of one electrode to achieve a uniform 
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repelling force. FIG. 4 is a schematic drawing of one such 
other exemplary embodiment. It uses a varying magnetic ?eld 
instead of a varying Width electrode. For example in FIG. 4, 
the current density in electrode 1 increases from left to right as 
more current is made available from the tunneling area. In 
order to achieve a uniform force across electrode 1, the mag 
netic ?eld is deceased from left to right because less ?eld 
strength is needed as more current density is developed. Thus, 
the strength of the magnetic ?eld varies in inverse proportion 
to the current density in ?exible electrode 1 so as to achieve a 
constant force. One Way for the magnetic ?eld to decrease 
from left to right is to vary the depth of the permanent magnet 
material 23 contained in electrode 2 and increase the amount 
of non-magnetized material 24, such as copper or aluminum. 

FIG. 5 is a graphical illustration shoWing hoW the forces 
interact in FIGS. 1 through 4 to produce a constant spacing 
betWeen the tWo electrodes over the tunneling area. The 
Y-axis 40 is force, and the X-axis 41 is spacing gap Width or 
separation distance betWeen the electrodes. Curve 43 shoWs 
the attracting, electrostatic forces betWeen electrode 1 and 
electrode 2. The force illustrated in curve 43 is inversely 
proportional to the square of the spacing gap 41. Curve 46 
shoWs the repelling force betWeen the tWo electrodes gener 
ated by the tunneling current ?oWing in the presence of the 
magnetic ?eld. This current is close to Zero until the separa 
tion becomes narroW enough for tunneling to occur. Then it 
increases very rapidly as the spacing decreases further. The 
locations of the starting separation point for tunneling 42 and 
the separation point for full conduction 44 depend on the 
process conditions used. For example the starting separation 
point 42 for tunneling is around 20 nanometers for a device 
With an applied potential of 0.1-2.0 volts, and the point of 
essentially full conduction 44 is around 1 nanometer, accord 
ing to Hishinuma. See E?iciency ofRefrigeralion using T her 
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molunneling and Thermionic Emission in a Vacuum: Use of 35 
Nanomeler Scale Design, byY. Hishinuna, T. H. Geballe, B. 
Y. MoyZhes, and T. W. Kenny, Applied Physics Letters, Vol 
ume 78, No. 17, 23 Apr. 2001; and Measurements ofCooling 
by Room Temperature Thermionic EmissionAcross a Nanom 
eler Gap, byY. Hishinuma, T. H. Geballe, B.Y. MoyZhes, and 
T. W. Kenny, Journal ofApplied Physics, Volume 94, No. 7, 1 
Oct. 2003. The attracting and repelling forces are equal at 
point 45. This is the separation Where the device comes to rest 
in its stable equilibrium position. If any disturbances to the 
device cause a separation greater than point 45, the attracting 
force 43 overpoWers the repelling force 46, causing tendency 
to move back to equilibrium point 45. Similarly, any distur 
bance that causes separation to be less than point 45, the 
repelling force 46 overpoWers the attracting force 43 and 
again restores the device to its the equilibrium point 45. 

In addition to the aforementioned electrode arrangement, 
the electrodes can also be arranged in multiple layers of 
periodic spacing. Additionally, multiple units of the device 
can be assembled in series, or in parallel, or in parallel and in 
series in order to achieve higher levels of energy conversion. 

In operation, the strengths of the current distribution or 
density in ?exible electrode 1 and the magnetic ?eld of facing 
electrode 2 are adjusted to place the electrodes in a stable, 
spaced apart, equilibrium position. In one exemplary embodi 
ment, When the device of the present disclosure is used in 
converting heat to electrical energy or to cool using electron 
tunneling or thermionic electron transfer, or a combination of 
electron tunneling and thermionic principles, the strengths of 
the current density or distribution in electrode 1 and the 
magnetic ?eld of electrode 2 can be adjusted to place the 
facing electrodes in a stable, spaced apart, equilibrium posi 
tion in the range of l nanometer to 20 nanometers using a 
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?exible metal foil for one electrode. In another exemplary 
embodiment, When the device of the present disclosure is 
used in heat conversion to cooling or poWer generation by 
thermionic electron transfer, the strengths of the current den 
sity or distribution in electrode 1 and the magnetic ?eld of 
electrode 2 can be adjusted to place the facing electrodes in a 
stable, spaced apart, equilibrium position in the range of l 
nanometer to 20 nanometers using a silicon Wafer as the 
substrate for one or both electrodes 
The device of the present disclosure can be used in a 

process to convert heat to cooling or to electrical energy. The 
heat source can be a radiation source such as sun radiation, 

heat from the environment, geothermal energy, or heat gen 
erated from engines or animal metabolism, such as but not 
limited to heat from a living human body. The heat source can 
also be from a running electrical, steam or internal combus 
tion engine, or by burning fuel as in a stove such as a Wood 
stove or coal stove or other stove type, or their exhaust gases. 
When the heat source is, for example, from a running internal 
combustion engine or its exhaust gases, the present device can 
be incorporated in the engine or gas exhaust line as a heat 
sink. The fuel for burning can be Wood, natural gas, coal or 
other combustible fuel. The converted energy can be stored 
such as in a battery or directed to poWer a handheld electrical 
device such as a cell phone, cordless phone or other afore 
mentioned product. 

The operation of the device of the present disclosure Will 
noW be explained When it is operating as a refrigerator. Refer 
ring again to FIG. 1, a voltage, increasing from Zero, is 
applied betWeen electrode 1 and electrode 2 by poWer supply 
10. This voltage results in an electrostatic force that pulls the 
tip 6 of electrode 1 toWard the surface of electrode 2. As the 
voltage is increased gradually, ?exible electrode 1 bends 
doWnWard toWard the surface of electrode 2 in a rolling fash 
ion starting from tip 6. This bending continues until electrode 
1 gets so close to electrode 2 that a tunneling current starts to 
?oW upWards from electrode 2 to electrode 1. This tunneling 
current, once reaching electrode 1 ?oWs horizontally to the 
right Within electrode 1 toWard connector 9. Because this 
current is ?oWing in the I direction of FIG. 1a, and the mag 
netic ?eld produced by the permanent magnet in nearby elec 
trode 2 is in the B direction, then a force Will act to push 
electrode 1 upWards. So long as the voltage from supply 10 
continues to be increased, electrode 1 Will ?atten and match 
contours With the surface of electrode 2. The electrostatic 
force acts to pull the tWo electrode surfaces toWard each other, 
and the opposing force from the current ?oW in electrode 1 
prevents the tWo electrodes from getting closer than the 
desired spacing. 
The operation of the device of the present invention as a 

generator device is similar, except that heat source 30 gener 
ates “hot electrons” moving from a high energy state of being 
hot in electrode 2 to a loWer energy state of being cool in 
electrode 1. It is this motion of electrons from one energy state 
to another that creates the current ?oW betWeen the elec 
trodes. Electrical load 10 becomes the sink for the electrical 
energy thus produced. 

In refrigeration operation, the electrical energy is used 
from the poWer supply to pull the hot electrons aWay from 
electrode 2 thereby cooling it. When operating as an electrical 
generator, heat source 30 is used to push electrons to the 
poWer supply. 

EXAMPLES 

The designs of the devices described in the folloWing 
examples are theoretical designs. They have never been built 
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but are expected to perform as intended. They are based on 
fundamental laWs of physics in conjunction With experimen 
tal data and measurements obtained by academic scientists as 
described herein. These examples Will shoW that: (1) the 
device of this disclosure can be designed and built using 
dimensions and processes that are common in the industry, 
(2) the quanti?ed forces generated Will result in the desired 
electrode separation, and (3) the electrical properties of the 
invention device can carry and transmit the converted electri 
cal energy effectively. The examples demonstrate the above 
three attributes of the invention device for thermo-tunneling 
converters, in Which the electrode separation is less than 20 
nanometers. 

Example 1 

For a thermo-tunneling converter, consider the folloWing 
dimensions in FIG. 1, 2 or 3: 

The total overlapping tunneling area Y of the facing elec 
trodes is 1 square centimeter or 10'4 square meters. The 
length L of the ?exible electrode 1 is 2 centimeters, and the 
maximum Width W is 1 centimeter. The length L and Width W 
are de?ned similarly for FIG. 3, but electrode 1 is Wrapped 
around into a spiral shape as compared to a linear shape for 
FIG. 1. The facing surface of electrode 1 is surface-pattemed 
or has a surface roughness such that the total tunneling area X 
(the sum of all x’ s) is one-tenth the total surface areaY or 10'5 
square meters. The permanent magnet material used in elec 
trode 2 has a ?eld strength B of 1.2 Tesla. The voltage V 
betWeen the electrodes is 0.1 5 volts. The permittivity constant 
6 of either vacuum or rari?ed inert gas betWeen electrodes 1 
and 2 is equal to 8.8><10_l2 farads per meter. The resistivity r 
of the ?exible electrode 1 is assumed to be close to that of 
copper, or 1.7><10_8 ohm-meter. The resistance of the path of 
electrons from the upper connector 9 to other, loWer connec 
tor 9 is assumed to be fully concentrated in electrode 1 due to 
it needing to be thin and ?exible compared to the rest of the 
circuit. The thickness t of ?exible electrode 1 is 20 microns, 
and therefore is a foil material. 

The 2formula for the attracting electrostatic force Fe is 
1/2€XV /d2 Where d is the separation betWeen the electrodes. 
The formula for the repelling, magnetic force Fm is ILB Where 
I is the current, and L is the effective average length of the 
current ?oW in electrode 1. 

The tunneling current I as a function of separation is taken 
from the graphs of Hishinuma and assumes a Work function of 
coating 5 of FIG. 1 of 1.0 eV, and an operating temperature of 
300 degrees Kelvin. See E?iciency of Refrigeration using 
Thermotunneling and ThermionicEmission in a Vacuum: Use 
of Nanometer Scale Design, by Y. Hishinuna, T. H. Geballe, 
B. Y. MoyZhes, and T. W. Kenny, Applied Physics Letters, 
Volume 78, No. 17, 23 Apr. 2001; and Measurements of 
Cooling by Room Temperature Thermionic EmissionAcross a 
Nanometer Gap, by Y. Hishinuma, T. H. Geballe, B. Y 
MoyZhes, and T. W. Kenny, Journal of Applied Physics, Vol 
ume 94, No. 7, 1 Oct. 2003. 

In FIG. 6 the force functions Fm and Fe, for the values listed 
above are plotted, With a logarithmic scale, on the Y axis vs. 
the electrode separation gap d, With an arithmetic scale, on the 
X axis. This plot produces a graph like FIG. 5 only noW it is 
fully quanti?ed. The stable equilibrium point 45 is close to 2.0 
nanometers, Which is in the desired spacing range to achieve 
a tunneling current of 20 amperes, according to Hishimuna. 
See Measurements of Cooling by Room Temperature T hermi 
onic Emission Across a Nanometer Gap, byY. Hishinuma, T. 
H. Geballe, B. Y MoyZhes, and T. W. Kenny, Journal of 
Applied Physics, Volume 94, No. 7, 1 Oct. 2003. As distur 
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14 
bances try to shift the spacing gap aWay from the stable 
equilibrium in either direction, the restoring forces are greater 
than 0.2 NeWton, Which is su?icient to overcome the bending 
resistance of the ?exible electrode and push it back to its 
equilibrium position. 

With the emitting electrode at room temperature, a current 
?oW of 20 amps, and a voltage of 0.15 volts, the device can 
achieve either an electrical poWer generation capacity or a 
refrigeration capacity of 16 Watts, Which is computed as the 
current (1) times the Peltier coe?icient of 0.8 used in this 
example as described in Measurements of Cooling by Room 
Temperature Thermionic Emission Across a Nanometer Gap, 
by Y. Hishinuma, T. H. Geballe, B. Y MoyZhes, and T. W. 
Kenny, Journal of Applied Physics, Volume 94, No. 7, 1 Oct. 
2003. The resistance poWer lost in the ?oW of this current 
through ?exible electrode 1 is l2rL/tW. With the values men 
tioned above, the ohmic poWer loss calculates at 1.0 Watt, 
Which is assumed to be manageable both as a poWer loss and 
as a source of heating electrode 1. Heat transfer from elec 
trode 2 to electrode 1 can also take place by radiation, con 
vection and conduction, but is estimated to be no more than 
1.3 Watt When the chamber of the invention device is evacu 
ated to a level of 0.06 mm Hg of argon gas. Finally, there is an 
electrical heat generated in electrode 2 as described in Mea 
surements of Cooling by Room Temperature Thermionic 
Emission Across a Nanometer Gap, byY. Hishinuma, T. H. 
Geballe, B. Y MoyZhes, and T. W. Kenny, Journal of Applied 
Physics, Volume 94, No. 7, 1 Oct. 2003, Which is equal to the 
voltage V times the current I, or about 3.0 Watts in this 
example. The remaining available energy from the 16 Watts of 
converted energy is 10.7 Watts. This corresponds to a calcu 
lated e?iciency of 67 percent. 

So, We see that the system level characteristics of this 
device, based on established electromagnetic theory, support 
a Workable design and a means for reducing to practice for a 
therrno -tunneling converter With high e?iciency. 

Example 2 

Another example of the versatility of this invention is in the 
choice of materials. The preferred embodiment, as described 
in Example 1, includes a metal foil as one of the electrodes. 
Another embodiment could use a single-crystal silicon as the 
?exible electrode. Although silicon is not normally regarded 
as a ?exible material, it is routinely fabricated in the industry 
With a roughness of 0.5 nanometers and a ?atness of 1 
micrometer across a square centimeter surface. Although sili 
con is much stiffer than a metal foil as measured by the 
Young’s Modulus, its ?atness indicates that very little bend 
ing is required to approach ideal ?atness. The forces gener 
ated by the invention Will be shoWn to be able to bend a silicon 
Wafer by the one micron needed ?atten it completely. Overall, 
using silicon as the base material for the ?exible or both 
electrodes has several advantages: (1) silicon Wafers are 
readily available at loW cost, (2) silicon Wafers have desirable 
roughness and ?atness characteristics, (3) adding loW Work 
function materials orpatterns of materials on silicon is readily 
and frequently performed in the industry, (4) the resistivity of 
silicon prevents the ?exible electrode from reacting too 
quickly during contact or near contact With the other elec 
trode of the invention, and (5) the desired resistivity of silicon 
can be arbitrarily controlled through doping, Which is also 
common practice in the industry. Overall, the invention’s 
design can be built With materials and processes that are 
routinely available in the semiconductor industry. 

In order to illustrate the example of the invention using 
silicon for the ?exible electrode, consider FIG. 8. Here, elec 
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trode 1 is comprised ofa foil backing 62 and a silicon sub 
strate 65. The shape of electrode 1 in FIG. 8 is triangular, 
approximating the optimal exponential shape described in 
Example 1. The silicon substrate 65 can be cut from a stan 
dard Wafer and then be bonded to the foil backing 62 of 
electrode 1 using a conductive adhesive. Electrode 2' in FIG. 
8 is constructed like electrode 2 in FIG. 1 only the magnet is 
not shoWn and is assumed to be positioned separately. By 
separating the magnet from electrode 2', it is possible to 
construct electrode 2' in FIG. 8 using the same materials and 
process as electrode 1 in FIG. 8. ArroWs 61 indicate the 
directional ?oW of electrons. Because the foil backing has 
much higher conductivity than the silicon, the electrons Will 
folloW a path of least resistance. Hence, electrons ?oW from 
right to left through the foil backing of electrode 2' via con 
duction, then they ?oW vertically through the silicon substrate 
of electrode 2' as indicated by portion of arroW 67, then the 
electrons ?oW via tunneling or thermionic emission from 
surface 64 of electrode 2' to electrode 1 in a vacuum as 
indicated by portion of arroW 66. Once the electrons reach 
electrode 1, they again ?oW through a silicon substrate verti 
cally as indicated by portion of arroW 65 and ?nally reach the 
foil backing 62 of electrode 1. Then, they folloW a very 
loW-resistance path from left to right through the foil backing 
62 of electrode 1. The ?oW of electrons as indicated direc 
tionally by the arroWs 61 interact With a magnetic ?eld of a 
nearby permanent magnet, Which is not shoWn in FIG. 8. 

In this example, the total thickness ts of the silicon is 0.5 
millimeter or 0.25 millimeter per Wafer, Which is an industry 
standard thickness. The silicon material is doped to have a 
resistivity rs of 0.02 ohm-cm, Which is also commonly prac 
ticed. The Young’s Modulus ES for silicon is knoWn to be 47 
Giga Pascals or 4.7>< l 010 Pascals. Silicon Wafers are routinely 
polished in the industry to 0.5 nanometers of surface rough 
ness and achieve a surface ?atness d,C of l .0 micron for a Wafer 
of lateral dimensions of one centimeter. 

FIG. 7 shoWs the effect of the silicon on the forces as 
compared to FIG. 6. The magnetostatic force is limited to 0.6 
NeWtons as the gap becomes very small. The resistance of the 
silicon limits the current ?oW and hence the magnetostatic 
repelling force. Also, a very narroW gap Will cause all of the 
supply voltage to drop in the silicon resistance, and Zero 
voltage appears across the gap, Which means the electrostatic 
attracting forces are Zero for a very small gap spacing. 

To quantify these effects, consider the maximum current 
that can ?oW in this system, Which is the supply voltage V 
divided by the silicon resistance, Which is equal to I‘SIJLW. For 
the applied voltage, length, and Width of the electrode in the 
Example 1, the maximum current ?oW is about 50 amperes 
When the silicon is present. Furthermore, When the current 
approaches this 50-ampere level, the supply voltage is all 
dropped across the silicon and no voltage difference can be 
achieved across the facing surfaces of the electrodes. 

The restoring differential forces in FIG. 7 are relatively 
large. According the to the ?gure, a 0.1 nanometer deviation 
from the desired separation produces a restoring force greater 
than 0.05 NeWtons. This restoring force is much greater than 
the bending forces required to ?atten electrode 1 and much 
greater than the bending forces required to achieve parallel 
ism With electrode 2, as Will noW be calculated. 

In order to ?atten out a one-micron corrugation in electrode 
1, a force of 40dxESWIS3/ 12L3 is required. This force calcu 
lates to 0.003 NeWtons. If electrode 1 and electrode 2 have 
opposing corrugations, then the required force is tWice this 
amount or 0.006 NeWtons, Which is much less than the 0.05 
NeWtons of restoring force available to maintain a gap Within 
0.1 nanometers of the desired gap. 
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The force characteristics in FIG. 7 With a silicon electrode 

material are more desirable than those in FIG. 6 With a metal 

foil material for the folloWing reasons: (1) the forces With the 
silicon present do not become so large as to cause oscillations 
or sudden movement that could damage or destabiliZe the 

system as in the case of pure metal electrodes, (2) a silicon 
Wafer’s greater ?atness versus metal foil alloWs the system to 
start out much closer to the desired operating point, (3) the 
resistance of silicon prevents large currents forming in small 
localiZed areas that can result in high temperatures and evapo 
rative damage to the electrode materials, (4) the stiffness of 
the silicon reduces the amount of movement of the material to 
sustain the gap over time and hence reducing the risk of 
fatigue, cracking, or deformation, and (5) the higher stiffness 
and ?atness of silicon insures the gap canbe maintained in the 
presence of local variations Which reduces the need for pre 
cision in the exponential shape, uniformity of the electrode 
thickness, and other parameter variations of the materials and 
design. 

Other Examples 

The above basic examples indicate hoW a Working thermo 
tunneling system canbe designed to achieve cooling or poWer 
conversion. Other examples are easily designed by altering 
one or more of the parameters used in Examples 1 and 2. The 
gap distance can be increased by any combination of the 
folloWing changes: (1) increasing the magnetic ?eld, (2) 
decreasing the voltage, (3) increasing the current ?oW, (4) 
increasing the length of the ?exible electrode, or (5) decreas 
ing the area of the ?exible electrode. The gap distance can 
decrease by making the opposite changes. 

It should be noted that several of the features described 
herein may not be necessary or can be achieved Without 
additional manufacturing complexity. Because the industry 
has not been able to produce a Working thermo-tunneling 
converter larger than nanometer dimensions, the actual 
behavior at a larger scale is not knoWn. For example, the loW 
Work function layer 5 may not be necessary if the gap can 
made slightly smaller. The enhancing material 5' might be just 
as easily accomplished by the surface roughness after polish 
ing, Which naturally produces the peaks and valleys that are 
knoWn to enhance electron emission. The resting tip 6 also 
may not be required given the choice of resistive materials for 
electrode 1 or 2. The electrode patterning in FIG. 2a, Which 
also provided peaks and valleys to reduce the electrostatic 
force, might also be achieved by natural surface roughness 
after polishing. Finally, the vacuum chamber 20 may not be 
required if the tunneling process has been demonstrated 
experimentally in an air gap. In addition, the exponential 
shape of electrode 1 may be approximated by an easier to 
manufacture triangular shape. All of these complicating fea 
tures (tip 6, layer 5, enhancing material 5', patterning in FIG. 
2a, the curved shape of electrode 1, and vacuum chamber 20) 
Were included in this disclosure for completeness in describ 
ing What might be required in ?nal production. 
The devices disclosed herein are versatile in building vari 

ous types of electronic junctions for the electronics industry 
that require a uniform gap betWeen electrodes. For example, 
a thermoelectric device having poor thermal insulation 
betWeen the hot side and cool side could employ the present 
disclosure. A vacuum spacing on top of a thermoelectric stack 
could provide better thermal insulation, and this disclosure 
provides a means for accomplishing this gap either indepen 
dent of or in combination With thermionic or thermo-tunnel 
ing methods. 
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A ?nal comment on the ease of manufacturing of the 
devices disclosed herein involves a discussion of other natural 
forces that arise When tWo very smooth surfaces are brought 
together. TWo attractive forces knoWn to hold smooth surfaces 
together are Casimir forces and Van Der Waals forces. These 
forces are strong enough to hold the tWo electrodes of this 
invention together prior to applying a voltage, but they are not 
expected to be so strong as to affect the desired interaction and 
dominance of the electrostatic and magnetostatic forces as 
described during operation of the invention. HoWever, these 
Casimir and Van Der Waals forces can assure that the tWo 
electrodes are in full surface contact prior to turning the 
device on With an applied voltage. In this case, the invention’ s 
operation merely needs to separate the tWo electrodes by a 
feW nanometers. These Casimir and Van Der Waals forces 
also help eliminate the need for insulating layer 4 of FIG. 1, 
further simplifying the invention’s design. 

Multiples units of this device can be connected together in 
parallel and in series in order to achieve higher levels of 
energy conversion or to match voltages With the poWer supply 
or both. 

It should be emphasiZed that the above-described embodi 
ments of the present device and process, particularly, and 
“preferred” embodiments, are merely possible examples of 
implementations and merely set forth for a clear understand 
ing of the principles of the invention. Many different embodi 
ments of the self-positioning electrode device described 
herein may be designed and/ or fabricated Without departing 
from the spirit and scope of the invention. All such modi?ca 
tions and variations are intended to be included herein Within 
the scope of this disclosure and protected by the folloWing 
claims. Therefore the scope of the invention is not intended to 
be limited except as indicated in the appended claims. 

I claim: 
1. A device comprising facing electrodes or electrode 

assemblies Wherein tWo force distributions, a primarily elec 
trostatic attracting force distribution generated by an electric 
charge Within the electrodes or electrode assemblies and an 
equal but opposite repelling force distribution generated by 
an electric current distribution Within the electrodes or elec 
trode assemblies in the presence of an applied magnetic ?eld 
distribution, act simultaneously to establish a stable equilib 
rium separation of the tWo electrodes across their facing 
surfaces. 

2. The device of claim 1 Wherein one of the facing elec 
trodes is a ?exible electrode. 

3. The device of claim 2 Wherein the base material of the 
?exible electrode is selected from the groups of conductive 
metals, layered metal/ glass, layered metal/plastic compos 
ites, or is a semiconductor material. 

4. The device of claim 3 Wherein the base electrode mate 
rial is silicon, germanium, or gallium arsenide, or the metal is 
gold, silver, aluminum, copper, nickel combined or not in 
layers With glass, polyimide, polyester, polyamide, poly 
acrylic, or polyole?n. 

5. The device of claim 1 Wherein the surface of one or more 
electrodes is made of or coated With or evaporated thereon, a 
loW Work function material, a thermoelectrically sensitive 
material, a collection of peaks and valleys, a semiconductor 
resonator, a layered material having a resistive loWer layer 
and an upper layer of a loW Work function, or a combination 
of these. 

6. The device of claim 5 Wherein the loW Work function 
material is any layered or other combination of alkali metal, 
an alloy of an alkali metal, an oxide, diamond, or nanotubes. 

7. The device of claim 6 Wherein the loW Work function 
material is cesium, thorium, metal-coated oxide, a diamond 
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?lm, silicon, germanium, an array of carbon nanotubes or a 
collection of oxide particles of nanometer dimensions. 

8. The device of claim 1 Wherein the magnetic ?eld is 
created by a permanent magnet mounted on or near either 
electrode. 

9. The device of claim 8 Wherein the permanent magnet is 
contained Within or is part of one of the facing electrodes. 

10. The device of claim 8 or 9 Wherein the permanent 
magnet contains conducting ferromagnetic magnetic materi 
als in any combination of iron, cobalt, nickel, neodymium, or 
aluminum. 

11. The device of claim 8 or 9 Wherein the permanent 
magnet contains non-conducting ferromagnetic materials 
coated With a conducting material to construct the one elec 
trode. 

12. The device of claim 1 With the addition of other forces 
created mechanically, magnetically, electromechanically, or 
electromagnetically to offset de?ciencies or excesses in the 
magnitude of said electrostatic and magnetic forces. 

13. The device of claim 1 or 12 With the addition of a 
damping system to prevent vibrations or oscillations of the 
?rst electrode around its equilibrium resting position. 

14. The device of claim 2 Wherein the ?exible electrode is 
shaped to achieve a current density distribution in said ?ex 
ible electrode that combines With the magnetic ?eld distribu 
tion so as to generate a repelling force distribution that equals 
the electrostatic force distribution at the desired separation 
distance distribution betWeen the electrodes. 

15. The device of claim 14 Wherein the Width of the surface 
of the ?exible electrode groWs exponentially from one end of 
its length to the other end of its length. 

16. The device of claim 1 Wherein one or more of the 
electrodes are patterned or roughened With elevated and non 
elevated areas to simultaneously reduce the electrostatic 
forces and the electrode resistive losses. 

17. The device of claim 2 Wherein the ?exible electrode has 
one end that is Wider than its opposite end and Wherein the 
Wider end of the ?exible electrode is ?xedly mounted on a 
support structure. 

18. The device of claim 2 Wherein the ?exible electrode has 
one end that is narroWer than its opposite end and Wherein the 
narroW end of ?exible electrode rests on an insulating support 
While the device is turned off. 

19. The device of claim 1 Wherein a portion of one elec 
trode has a coat of a non-conducting material thinner than the 
desired spacing betWeen the electrodes, on Which another 
electrode rests While the device is turned off. 

20. The device of claim 2 Wherein the ?exible electrode is 
a metal foil mounted on a ?exible plastic ?lm to provide 
resistance to buckling or cracking from repeated motion. 

21. The device of claim 1 Wherein the gap betWeen the 
electrodes is enclosed in a vacuum chamber. 

22. The device of claim 1 Wherein the gap betWeen the 
electrodes is enclosed in a chamber ?lled With inert gas. 

23. The device of claim 22 Wherein the inert gas is argon. 
24. The device of claim 2 Wherein the strength of the 

magnetic ?eld varies in inverse proportion to the current 
density in the ?exible electrode so as to achieve a constant 
force. 

25. The device of claim 1 Wherein one of the facing elec 
trodes is formed into a spiral shape and the magnetic ?eld is 
in a radial direction from the center of the device. 

26. The device of claim 25 Wherein the spiral shape is of 
linearly decreasing Width. 

27. The device of claim 25 Wherein the spiral shape is of 
exponentially decreasing Width. 




